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Abstract 
Clouds regulate the earth’s energy balance by reflecting and scattering solar radiation and by absorbing the earth’s infrared 
radiation. The fundamental knowledge about mass transfer processes across a micro-droplet/air interface is very important to give 
mathematical equations that describe the growth process of clouds for climate models. So far, experimental studies on the 
condensation growth of water droplets have been conducted by using either an aerosol flow tube or a vibrating orifice aerosol 
generator. However, the mass accommodation coefficients evaluated by such techniques are very scattered and, therefore, the 
detailed mechanisms of condensation growth of micrometer-sized water droplets are still controversial. The primary reason for 
this is difficulties in observing the growth processes of single water droplets in air. In this study, we demonstrate a novel 
approach for in situ observation of the evaporation and condensation processes of single water droplets levitated in air by means 
of a laser trapping technique. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese 
Academy of Sciences (CAS). 
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1. Introduction 
A cloud is a visible mass of a lot of micro-sized aerosol droplets made of water or various chemicals. In effect, the 
growth of clouds is the condensation process of aerosol droplets. Therefore, study the mass transfer processes across 
a micro-droplet/air interface of a single aerosol droplet is very important. It can give mathematical equations to 
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describe the growth process of clouds for climate models. But the detailed mechanisms of condensation growth of 
micrometer-sized water droplets are still unclear. So, we will research the mass transfer at the single micro-
droplet/air interface in this study. 
Currently, there are two representational experimental methods can be used to study the condensation growth of 
water droplets by means of aerosol flow tube or vibrating orifice aerosol generator. But they are all defective. By 
using aerosol flow tube, the value which we get is an average of all aerosol droplets. The vibrating orifice aerosol 
generator can generate a column of mono-disperse aerosol droplets with uniform size, shape, density and surface 
characteristics. But it will lead to a competition between two neighboring aerosol droplets. Therefore, the mass 
accommodation coefficients evaluated by these methods are very scattered. The laser trapping technique can 
overcomes these shortcomings. The optical tweezers non-contact with aerosol droplet and the droplet size can be 
determined by combining optical trapping with Raman spectroscopy. In this study, we demonstrate that laser 
trapping-Raman spectroscopy on single water droplets levitated in air and in situ observation of the evaporation and 
condensation processes of the droplets determine the mass accommodation coefficient [1, 2, 3]. 
 
2. Experimental Method 
The experimental setup is shown in Fig. 1. This system was based on a standard inverted microscope. Aerosol 
droplets were generated by an ultrasonic nebulizer and flowed into a chamber. In this study, we used ammonium 
sulfate solution to generate aerosol droplets. As we know, the 532nm visible light is non-absorbent for water, but the 
1064nm infrared light is absorbent for water. Therefore, we used a laser of 532nm (CW Nd: YVO4 Laser) as a 
trapping light source to trap a single micro-sized aerosol droplet without contact in the chamber, and a laser of 
1064nm (CW Nd: YAG Laser) as a heating source to induce the size change of this droplet. By opening and closing 
the 1064nm laser, the droplet was periodically exposed to the 1064nm laser beam. And the change of droplet size 
could be observed by CCD camera. The 532nm laser could also as Raman excitation light source, the Raman 
spectrum of trapped droplet could be measured by this laser and the ammonium sulfate concentration of the droplet 
can be determined by the ratio of Raman intensity of sulfate ion and water. 
 
 
Fig.1. experimental setup 
 
3. Results 
3.1. In situ observation of evaporation and condensation processes of micrometer-sized water droplets in air 
 
    Laser trapping technique is base on the radiation pressure of laser light. As shown in Fig. 2, for the interaction of 
light with a particle, we must consider two forces----one is scattering force and the other is gradient force. Scattering 
force is caused by reflection of light. As we know, when a photon collides to a mirror surface, the mirror surface is 
pushed by the impact of the photon (reflection phenomenon). Since a photon possesses a momentum, the change in 
the momentum causes the force on the mirror. This force is called scattering force and acts to push a particle to the 
laser beam propagation direction. On the other hand, gradient force is caused by refraction of light. When a laser 
beam is tightly focused on a particle, the propagation direction of the beam is changed at the surface. On the basis of 
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conservation law of momentum, the photon causes the force on the surface. If the refractive index of the particle is 
larger than that of the surrounding medium, the sum of the forces is directed to the focal point of the laser beam. 
This force is called gradient force and acts to pull a particle into the focal spot of the laser beam. By using these 
forces, an aerosol water droplet can be trapped in air. 
 
 
Fig.2. laser trapping of an aerosol water droplet 
 
Fig.3 shows a single micro-sized droplet was trapped successfully in air. Due to the 1064nm laser is absorbent for 
water, the droplet temperature will increase when the droplet is exposed on this laser, the water evaporate and the 
droplet become reduce in size. The vapor pressure of the droplet is governed by both the temperature and the solute 
concentration, an irradiation of an IR laser to the droplet was shown to lead to an increase in the temperature and 
vapor pressure. But solute decreases the droplet vapor pressure. With the evaporation of droplet, ammonium sulfate 
concentration increased. When the decrease of the droplet vapor pressure balanced with the increase, the droplet 
attained an equilibrium state and the evaporation stopped. When switching OFF of the IR laser, the size of droplet 
increased to its previous size. By controlling the ON/OFF of the heating beam with wavelength of 1064nm (3.1mW), 
the change of the droplet size was induced successfully. In this study, the temperature and the relative humidity in 
chamber were 25ć and 97.1%, respectively. 
 
 
Fig.3. evaporation and condensation processes of micrometer-sized water droplet 
 
3.2. Raman spectroscopy of single water droplets in air 
 
 
(a) 
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(b) 
Fig.4. Raman spectroscopy of single water droplet ((a) Raman scattering from the center of a water droplet (b) Raman Scattering from the  
edge region of a water droplet) 
 
The laser focused on the center of the droplet when we trapped the droplet.  And the Raman spectroscopy which 
we took is shown in Fig.4 (a). The ammonium sulphate concentration of trapped droplet can be determined by the 
ratio of Raman intensity of sulphate ion and water. The ammonium sulphate concentration of trapped droplet was 
0.824M. In order to determine the size of the trapped droplet, we reduced the laser power of 532nm, and Raman 
scattering light is reflected totally at the droplet/air boundary and propagates inside the droplet. The Whispering 
Gallery Mode (WGM) resonances could be observed in the Raman spectrum as shown in Fig.4 (b). The size of 
trapped droplet can be determined with nanometer precision by analyzing the peak positions of WGMs. And the 
peak positions of WGMs in the Raman spectrum can be calculated on the basis of Mie scattering theory. The 
diameter of trapped droplet was 11.21μm. 
 
3.3. Droplet growth 
 
By controlling the ON/OFF of the IR (1064nm) laser, the droplet size change is shown in Fig.5. And the droplet 
growth processes can be simulated by calculating water mass flux I. The condensing water mass flux (I, kg࣭s-1) [1, 
3] on a droplet of radius r is given by 
 
                                                                                     (1), 
 
where Mv is the molecular mass (kg), D is the vapor diffusion coefficient in air, L is the latent heat of vaporization 
of water (J࣭kg-1), K is the thermal conductivity of the gas mixture (W࣭m-1࣭K-1), pe(T∞) is the equilibrium vapor 
pressure of water at the temperature of the gas phase, T∞, R is the ideal gas constant, A is the influence of Stefan 
flow on the flux. S∞ is the degree of saturation of water which relative to pe(T∞) at infinite distance, Sr is the 
corresponding value at the droplet surface. βM and βT are the transitional correction factors for mass and heat 
transfer, respectively. 
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Fig.5. the droplet size change by controlling the ON/OFF of the IR laser 
 
 
Fig.6. the simulation of the droplet growth processes 
 
As shown in Fig.6, we simulated the droplet growth processes. The black squares are our experimental results. As 
the droplet grows, water molecules condensing onto the droplet surface generate latent heat. And the blue line 
shows the model prediction if the effect of latent heat is not included. The red line shows the model prediction if the 
effect of latent heat is included. It follows that the effect of latent heat must be included in the model. 
 
3.4.  Mass accommodation coefficient 
 
The mass accommodation coefficient α is defined as the proportion of colliding molecules which will be 
incorporated into the surface. It can be evaluated from the Eq.1 [1]. We calculated the value of the mass 
accommodation coefficient, and the results are shown in Fig.7. We can conclude that when the mass 
accommodation coefficient (¢) is assumed to be 1, the theoretical results are in good agreement with experimental 
data. 
 
 
Fig.7. the calculation of mass accommodation coefficient 
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4. Conclusion 
In this study, we succeeded in laser trapping of a single micro-meter aerosol droplet, and the controlling of the 
droplet size is reversible. The simulation of droplet growth processes was successful, and we knew that the effect of 
latent heat must be included in the simulation model. When α = 1.00, the good agreement between experimental data 
and simulation result was observed. 
In the future, we will observe the aerosol droplet growth processes at different relative humidity to prove the 
accuracy of the simulation model. 
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